Analysis of multivariate data in space and time (spatio-temporal) has gained distinctive importance in all research domains. e development of new solutions that enhance massive 3D scienti c visualizations on the Web is still growing. In this paper, we combine computing power, human visual perception and interaction and real-time Web3D rendering to develop a 3D visualization for
INTRODUCTION
Analysis of multivariate data in space and time (spatio-temporal) has gained distinctive importance by researchers in all elds. e existing visualization solutions for spatio-temporal data di er based on the characteristics of the data set and have been reviewed by researchers (Andrienko et al. 2010 (Andrienko et al. , 2003 Zhong et al. 2012 ). e space dimension in spatio-temporal data can either be "stationary" or "dynamic" over time (i.e., movement data) for a certain object in the data set . Adding the third axis to represent time takes us to the alternative 3D group of visualizations that combine space and time in a single display (Amini et al. 2015) .
Taking into account human sensory capabilities, we can design graphic representations in such a way that important data elements and data pa erns can be quickly perceived and should be represented by graphical elements that are more visually distinct than those representing less important information (Ware 2013) .
Humans have predictable bias in interpreting visual-spatial information and making inferences (Shah and Carpenter 1995; Ware 2013) as well as understanding relationships over time (Micho e 1963; Ware et al. 1999) . However, these biases have not been examined from a visual analytic point of view, with a focus on scienti c data and user interfaces to promote understanding and insight.
According to (Elmqvist and Tsigas 2007) , there are several important 'Environment Properties' relating to the con guration of objects geometry in a scene: interaction, density and complexity. Within the object interaction -spatial interaction of objects in the environment -there is proximity where objects are placed in such close proximity (without intersecting) that they occlude each other from some viewpoint. us when trying to visualize the many dimensions of a scienti c data set, we have the same trade-o between proximity and occlusion as in IRVEs (Polys 2006; Polys et al. 2011 ). e pros (+) and cons (-) of common views are discussed in continuation.
(1) Small Multiples View: (+) Provide separate screen space to represent high dimensional spaces and complex relationships among multiple variables (Elmqvist's 'proximity', Polys's 'Display Space'). (-) With small multiples we need to hold the info in the mind's working memory, which is expensive (Working memory is limited in context-switching) and errorprone. (-) Relationships between views must be explicit.
(2) Overlay View:
(+) Collapses dimensions onto a single View (Elmqvist's 'enclosement', Polys's 'Viewport Space'). (-) Perception is di cult due to crowding/density and occlusion; also error-prone.
(3) Embedded View:
(+) Views (of dimensions) are embedded in same space as the referent (Elmqvist's 'containment', Polys's 'Object/World Space'). (-) Perception is di cult due to crowding/ density; also error-prone. (-) Relationships between views must be explicit.
In this research, we developed and evaluated new techniques to mitigate these trade-o s and to enable analysts to be er explore multivariate data sets. In this study we have quantitative and qualitative variables distributed across a spatial basis (frequency domain representation of RF signals); a similar situation to scienti c visualizations where we are trying to compose several dimensions/variables into one 'view'. We call this approach: (4) Composed View: (+) e contribution of di erent a ributes (layers) can be weighted and composed into the appearance of a shape (e.g. texture, color), but (-) it may be di cult to perceive the values of or pa erns in individual dimensions a er they are composed.
is paper seeks to compare among three visual representations of multivariate scienti c data to mitigate the trade-o between proximity and occlusion in CORNET3D. CORNET3D provides a 3D visualization of the Virginia Tech's so ware-de ned radio (SDR) based cognitive radio network (CORNET) testbed with information on which nodes and radios are operational. e application can also display 2D and 3D plots of the spectrum, which is sensed by the radios in real time. e data is sent to the client over a WebSocket connection to enable low latency, compared to conventional HTTP (Sharakhov et al. 2014) .
CORNET3D can teach students about strategies for optimal use of radio resources through a game by providing them with real-time scoring based on their choices for radio transmission parameters. CORNET3D has demonstrated that not only can Web applications provide rich portrayals of real-time sensor data, but can also serve as a 3D "serious game" platform (Sharakhov et al. 2014 ). e CORNET testbed can be used for wireless communications research, such as developing strategies to optimally utilize the limited spectral resources and enable RF coexistence among heterogeneous radio access technologies (Sohul et al. 2016) . In this research, we want to improve the methods for users to visually discriminate between nodes' activities in a 3D scene in real time. e next section shows the related work to this paper.
2 RELATED WORK 2.1 Space-Time Cube Based Visualization (Hägerstraand 1970) proposed the Space-Time Cube (STC) approach where space has two dimensions and a third dimension for the time to represent trajectory a ribute data, i.e., movement data that includes other a ributes. Space and time are considered inseparable and movement is described as trajectories in 3D with time being one of the coordinates. A potential problem with the STC approach is occlusion in the case where many trajectories are involved. To facilitate manipulation and perception of information, STC has been extended with interactive techniques (Gatalsky et al. 2004) . (Tominski et al. 2012 ) presented a new technique based on the STC with the focus on trajectory a ribute data. By stacking 3D color-coded bands on a 2D map and ordering the bands based on the temporal information, the trajectories and their a ributes are visualized while temporal information is directly perceivable. Extra visual cues are also added to the bands to depict direction and other properties.
An advanced version of STC enhanced with timeline as the main interaction device, time zooming or focusing, and linking of maps with corresponding symbols is presented in (Kraak 2005) . e enhanced version of STC that supports many of these features has been turned into a commercial so ware application called GeoTime (Eccles et al. 2008; Kapler and Wright 2005) .
Another drawback of the STC approach, besides occlusion, is distortion of both space and time due to a projection that makes it hard to perceive depth. Even though 3D representation of movement data has been introduced, a considerable amount of research is being devoted to nding suitable forms of representing this complex data set.
Multivariate spatio-temporal data consist of the variables time, location, and a ributes that are represented in tables as data elds. Multivariate-space-time cube (MSTC) approaches 3-dimensional Cartesian coordinates to adequately represent the data of a table.
e main idea is that each record of the data table is converted to a data plane of two dimensions, i.e. each data tuple of a record is shown as the graphics in a 2-dimensional domain. en these data planes are arranged along and perpendicularly to the time axis of a 3-dimensional Cartesian coordinate system. is method includes the data of a ributes in a STC to represent adequately the data elds of a 
2D Visual Discrimination and Change Detection over Time
Change blindness is de ned as the di culty to notice large changes that occur in clear view of an observer if made during an eye movement, blink, or other such disturbance (Daniel 2005; . ere is a distinction between the perception of a system's evolving dynamics and the perception of the system in its nal state (i.e., noticing that something has changed at some time in the past, without a phenomenological experience of anything dynamic). During the perception of dynamic change, the spatiotemporal continuity of the internal representation is maintained. But, the perception of the completed change or state does not require such continuity. Basically, it could be done by a comparison of the currently visible structure with memory, using brain's working memory . To avoid this human phenomenon, researchers are developing automated and machine-learning techniques that can detect the changes when precision is needed.
Time Series Visualization
e typical representation of time series is line graphs. When the comparison is needed between two or more time series; a plot containing the time series is used to visually compare them. (Javed et al. 2010) evaluated graphical perception for di erent representations involving multiple time series through controlled laboratory experiments. eir main motivation was to provide guidelines for designers who need to nd a suitable method when building a temporal visualization application. Beyond studying simple line graphs, they also include small multiples and horizon graphs. In addition, to aid perception of multiple color-coded time series, they included a novel visualization technique that they called a braided graph where lled areas are sorted in depth order for each position along the time axis.
TimeSearcher is an information visualization tool that combines timebox queries with overview displays, query-by-example facilities, and support for queries over multiple time-varying a ributes (Hochheiser and Shneiderman 2004) . TimeSearcher uses a tabbed display to support data sets with multiple variables. It loads the rst variable in the data set as the default in a single pane of a tabbed paned window. To examine and query the values of any other variable, users select the desired variable name from the pulldown menu marked " ery Variable" in the toolbar. It also includes query manipulation tools including pa ern inversion and 'leaders & laggards' graphical bookmarks, which provide additional support for interactive exploration of data sets.
CORNET-3D ENVIRONMENT
CORNET-3D is a so ware tool, which dynamically visualizes live wireless spectrum using cognitive radio nodes on the web, (Fig. 1) . CORNET has a total of 48 cognitive radio nodes that are installed in Kelly Hall at Virginia Tech, Blacksburg.
e wireless spectra changes every unit time and it is impossible and impractical to read and understand such huge data in the span of milliseconds. Real time spectrum visualization provides a visually perceivable representation of the radios' power and bandwidth or spectrum occupancy. As the power and occupancy change with time, a Web3D 
CORNET-3D User Interface Implementation
e user interface for CORNET-3D was implemented primarily using HTML5, CSS and JavaScript.
e 3D user interactions including the oors visualization and the 3D spectrum visualization are implemented using X3DOM, while the 2D visualization waterfall plot is implemented through a JavaScript library, D3.js. e line graph is implemented using a JavaScript library, RGraph. e interaction with the CORNET-3D Web Server happens through socket.io JavaScript library, while all the dialogs are implemented using dialogs in j ery UI. e Multiple CORNET-3D uses iFrames in HTML to encapsulate multiple screens from the same Web page.
e 3D spectrum visualization is represented by the elevation grid and in another implementation by the displacement shader of the X3D element plane to achieve real time rendering.
3.1.1 Shading Procedure. Signal power was received as a time series of 256x1 vector distributed on the frequency domain. e time series was used to create a canvas, with a width of 256 pixels and a length equaling the time series length. e canvas was used for the elevation grid height and the displacement shader texture. A SurfaceShaderTexture was used as a parent for the Texture element that uses the canvas for the displacement shader. e main issue with the implementation of the displacement shader, that it requires a texture of 2 n x2 n dimensions, which restricted the time series dimensions.
3.1.2 Challenge Scenario. CORNET has two main challenge scenarios, tutorial and scoreboard. In both scenarios, there are at least two radio nodes. CORNET-3D displays the scenario test parameters such as the network throughput and the operating parameters of the radio node such as its transmit power. In addition it allows users to control the radios which can be useful for tutorials (Marojevic 2015) .
In this paper we use the scoreboard scenario and there were 2 teams competing to score the highest network throughput. Each team was assigned 2 nodes; also there were two interferer nodes. For experimental design purposes, in this paper we included the interferers nodes as teams' nodes.
erefore, each 3 nodes will be annotated by a di erent team. e 3D scene was designed to show the power, center frequency and bandwidth of each node participating in the challenge. Nodes should be labeled by the team name, which adds a new data type in our data set which is the qualitative/ categorical data type. Both quantitative and qualitative data should be mapped to appropriate visual markers in the 3D scene such as size, position, shape or color.
3.1.3 Mapping Variables to the Visual Markers in the 3D Scene. We represented the scene or spectrum activity by assigning the frequency to the +x-axis, the power to the +y-axis and the time to the -z-axis of the 3D scene. e elevation grid X3D element was selected to encode the data set, with mapping the frequency to the width, the power to the height and the time to the length of the elevation grid, (Fig. 1) . e bandwidth and the team annotation were represented by two techniques:
• Coloring the location of each node center frequency on the elevation grid, so the width of the colored part represents the bandwidth occupancy as in (Fig. 2) , or • Mapping to a shape(bar) size and color respectively as in (Fig.3) .
For the sake of this study, we developed a third technique that combines the two techniques to test for the redundant data-visual marker mapping as in (Fig. 4) .
EXPERIMENTAL DESIGN
is experiment compares among three representations of multivariate data. erefore a 3X2 experiment for; view design (ColoredSpectrum, Colored-Bars and Colored-Spectrum-with-Bars) as in (Fig. 2, 3 , 4) and signal metric (Power and Bandwidth respectively was designed according to the best practices in data visualization recommended by (Borland and Taylor II 2007; Light and Bartlein 2004; Ware et al. 1999 ):
• Mapping quantitative data to 'ordered' visual elements, such as position, size, and brightness.
• Mapping qualitative data, such as names and categories, to 'unordered' visual elements, such as shape and color.
e a prior hypotheses of this experiment were that:
(1) A human can visually discriminate between di erent values of the same quantitative measure when it is represented by an ordered visual element. Here, the signal power was represented by the luminance and the height of the elevation grid while the bandwidth was represented by the width of the bars or the spectrum colored areas. (2) e composed view (Colored-Spectrum view) is perceptually be er than the embedded view (Colored-Bars view) to visualize multivariate data. (3) e redundant encoding of data (in the Colored-Spectrumwith-Bars view) is easier for the user but is more confusing due to visual context switching.
Signal Detection eory
Signal Detection eory provides a theoretical approach to the measurement of sensitivity and bias (Green and Swets 1988; Macmillan and Creelman 2005) . It has been applied in sensory discrimination tests to provide a fundamental measure of di erence, d', which is the distance between the distributions of perceptual intensity of the two sensory stimuli. is measure represents the ability of the judge to discriminate between the two products, independently of the test used or the cognitive strategy adopted (Macmillan and Creelman 2005) . e two-alternative forced choice (2-AFC) task is a psychophysical method, commonly used by researchers for sensory discrimination tests. 2-AFC is extracting responses from subjects about their experiences of a stimulus. Speci cally, the 2-AFC experimental design is commonly used to test speed and accuracy of choices between two alternatives given a timed interval (Lu and Dosher 2013). In order to obtain accurate evaluation of the proposed views, the user study questionnaire was designed as a 2-AFC tasks.
User study
is study determined the best multi-view management of multivariate data from cognitive radio nodes' spectrum as a 3-dimensional visualization. In each trial, participants were presented with a pair of images that represent a 3D visualization of CORNET3D. Subjects were given multiple-choice questions to either choose the team that scores more signal power or occupies more bandwidth in the pairs of images; also they were asked to rate the di culty of answering those questions.
In total, the experiment had 30 samples (trials), 2 sets of 5 sessions per experimental condition. ere was a set of trials asking about the signal power and another set asking about the signal bandwidth for the 3 experimental conditions: 
Participants
irty-two participants took the survey; the participants were university students (24 males and 8 females). Ages ranged from 18 to 34+, and the majority was in the 18-25 range. Although only 1 of the participants answered 'yes' to the question "Have you ever experienced color blindness?" all participants passed the online test for color blindness according to (Ishihara 1987) . ree participants used mobile devices to take the questionnaire. Nine wear glasses, six wear contact lenses, but the other seventeen don't use any eye wear.
Procedures
is study was administered as a Web survey using Virginia Tech altrics. e navigation was through a Web browser as a desktop application. Each question was presented sequentially in a random order. Subjects were given multiple-choice questions to either choose the team that scores more signal power or occupies more bandwidth in the pairs of images, (Fig. 5) .
ey were given trial examples to help them understand the nature of the task. For each trial, they were asked to rate the di culty of their judgment on a (5 point) scale that ranged between 'very easy' and 'very di cult'. Finally, subjects answered a question choosing one of the three views they would recommend to others. e session lasted approximately 30 minutes for each participant.
RESULTS AND DISCUSSION

2-AFC Analysis
Xlstat from Addinso was used to run 30 2-AFC tests for the 30 trials. For each set of conditions (e.g. Colored vs. Bars, Bars vs. Colored-w-Bars and Colored vs. Colored-w-Bars) there were 10 trials where 5 were asking about signal power (15 trials for all sets of conditions) and the other 5 were asking about the signal bandwidth (15 trials for all sets of conditions).In total, there were 12 trials (40% of all trials) where subjects' responses showed discrimination when using the two views in comparison. But for the other 60% of the trials, participants showed the same performance in the di erent experimental conditions. Detailed explanation of the results of the two question types follows in continuation.
5.1.1 Trials asking about the signal power. Out of 5 trials, there were 3 trials per each set of conditions that resulted a p − alue < 0.05 and therefore the null hypothesis stating that d' equals to 0 was rejected. In detail, in 9 out of 15 trials (60% of the trials) the users' performances using the di erent views are coming from di erent normal distributions. us, the users' accuracy answering the questions regarding signal power using the Colored, Bars, and Colored-w-Bars is di erent, see (Table 1) . erefor, subjects' performances are di erent using these view pairs in only 3 (20%) out of the 15 trials asking questions regarding signal bandwidth, see (Table 2) . Figure 5: Sample trial that ask users to evaluate the signal power of the two teams and rate the di culty to answer these questions.
ANOVA Analysis
A 2-way ANOVA was applied a erwards to evaluate the interaction between the two independent variables, question type (signal power and signal bandwidth) and view type (Colored, Bars, and Coloredw-Bars) on subjects' performances for choosing the correct answers in all trials. With a p-value of 0.001 we concluded that the question type has a signi cant impact on the correctness, as the participants answers for the questions about the bandwidth were less accurate (less correctness average )than those for the power. Also a p − alue < 0.0001 showed that view type has a statistical signi cant e ect on the correctness. e interaction of the two independent variables (view type and question type) showed a signi cant e ect on the correctness with a p-value = 0.012. Following are the ANOVA results of each view type as in (Fig. 6) .
Colored view performance.
With a p-value of 0.6 we concluded that there was no e ect of the question type on subjects' performance in answering questions about this view and the mean values of the correct answers are nearly equal for signal power and signal bandwidth (0.838 and 0.822).
Bars view performance.
With a p − alue < 0.0001, we concluded that there was an e ect of the question type on subjects' performances in answering questions about this view and the mean value of correct answers for questions asking about signal power (0.806) is statistically signi cantly di erent from the mean value of correct answers for questions asking about signal bandwidth (0.669). 
Colored-w-Bars view performance.
With a p-value of 0.035, we concluded that there was an e ect of the question type on subjects' performances in answering questions about this view and the mean value of correct answers for questions asking about signal power (0.791) is statistically signi cantly di erent from the mean of correct answers for questions asking about signal bandwidth (0.719).
ROC Curves Analysis
e diagnostic performance of a test, or the accuracy of a test to discriminate correct answers from the incorrect answers is evaluated using Receiver Operating Characteristic (ROC) curve analysis (Metz 1978; Zweig and Campbell 1993) . ROC curves can also be used to compare the diagnostic performance of two or more laboratory or diagnostic tests (Griner et al. 1981) .
In a ROC curve the true positive rate (Sensitivity) is plo ed as a function of the false positive rate (100-Speci city) for di erent cuto points of a parameter. Each point on the ROC curve represents a sensitivity/speci city pair corresponding to a particular decision threshold. e area under the ROC curve (AUC) is a measure of how well a parameter can distinguish between two diagnostic groups (correct/incorrect). e test that compares the AUC to 0.5 allows checking if the diagnostic test is more powerful than just a random rule. In our case, we have 3 tests corresponding to the three views. e best test is the Colored-w-Bars view but the AUC is not signi cantly di erent from 0.5. ROC Curves for questions asking about power showed that Colored view is the best test and that the AUC is signi cantly di erent from 0.5 as in (Fig. 7) . (Fig. 8), 9) show the ROC curves for the other views for questions asking about power.
ANOVA Analysis for Di culty Rating
A 2-way ANOVA was applied to evaluate the interaction between the two independent variables, question type (signal power and signal bandwidth) and view type (Colored, Bars, and Colored-wBars) on subjects' rating of di culty for answering the questions in each trial. With a p-value of 0.014 we concluded that the question type has a signi cant impact on the di culty rating.
Also a p-value < 0.0001 showed that view type has a statistical signi cant e ect on the di culty rating. Similarly, a p-value of 0.03 showed that the interaction of the two independent variables had a signi cant e ect on the di culty rating. e following subsections explain the results for the three views in detail.
Di iculty Ratings for Colored view .
With a p-value of 0.168, we concluded that there was no e ect of the question type on subjects' rating of di culty in answering questions about this view.
e means of di culty ratings are nearly equal for signal power and signal bandwidth (2.95 and 3.07).
Di iculty Ratings for Bars View.
With a p-value = 0.001, we concluded that there was an e ect of the question type on subjects' rating of di culty in answering questions about this view.
e mean of di culty ratings for questions asking about signal power (2.72) is statistically signi cantly di erent from the mean of di culty ratings for questions asking about signal bandwidth (3.05).
Di iculty
Ratings for Colored-with-Bars View. With a pvalue of 0.577, we concluded that there was no e ect of the question type on subjects' di culty ratings for this view. e means are nearly equal for signal power and signal bandwidth (2.64 and 2.69).
CONCLUSIONS
In this study, we designed and compared among three views for multivariate data visualization of CORNET3D (Colored Spectrum, Colored Bars and Colored Spectrum with Bars) with two types of questions (signal power and signal bandwidth). We ran a sensory discrimination user study according to the 2-AFC method to evaluate and choose among the three views.
e 2-AFC analysis showed that in 60% of the questions asking about signal power there were di erences between participants' performances in the pairs of views (Colored vs. Bars, Colored vs. Colored-w-Bars and Bars vs. Colored-w-Bars). Overall, for 60% of the trials, participants showed the same performance in the di erent experimental conditions. e ANOVA analysis indicated the signi cant e ect of question type on the correctness of answering the question about the Bars and Colored-w-Bars but not for the Colored view. For di culty rating, the question type had a signi cant impact on the participants' di culty ratings of the Bars view only. For both the correctness and di culty rating, there was a signi cant e ect of the interaction between the question type and the view type.
Seventy-one percent of the participants chose the Colored-wBars view as the best view, which is consistent with the di culty ratings of that view as the easiest for answering the questionnaire, (Fig. 10 ). Also this view had the largest AUC (0.664) for the ROC curve analysis.
Although the Colored view indicated the best performance for correctness and independency of question type (Power or Bandwidth), the di culty rating of this view was neutral and it comes a er the Colored-w-Bars view in the voting for the recommended view, (Fig. 10) .
e Bars view showed the worst performance for correctness, high dependency on question type and had the least number of votes among the other views. us, this view is not recommended for this case of multivariate data visualization.
Finally, we conclude that the Colored Spectrum-with-Bars view is easier for people to carry out visual discrimination in multivariate data visualization, but for obtaining the most accurate judgments, the Colored spectrum view should be used.
